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Chromatin cross-linking is widely used for mapping the distribution of chromosomal proteins by immuno-
precipitation, but our knowledge of the physical properties of chromatin complexes remains rudimentary.
Density gradients have been long used to separate fragments of cross-linked chromatin with their bound
proteins from free protein or free DNA. We find that the association of DNA fragments with very-high-
molecular-weight protein complexes shifts their buoyant density to values much lower then that of bulk
chromatin. We show that in a CsCl gradient, Polycomb response elements, promoters of active genes, and
insulator or boundary elements are found at buoyant densities similar to those of free protein and are depleted
from the bulk chromatin fractions. In these regions, the low density is associated with the presence of large
protein complexes and with high sensitivity to sonication. Our results suggest that separation of different
chromatin regions according to their buoyant density may bias chromatin immunoprecipitation results.
Density centrifugation of cross-linked chromatin may provide a simple approach to investigate the properties
of large chromatin complexes in vivo.

Information about the precise localization of proteins and
protein complexes in their chromatin context is essential to
understand not only the mechanisms that regulate gene ex-
pression but also the complex interactions that are responsible
for chromatin architecture in the nucleus. This information is
difficult to obtain. Chromatin complexes are dynamic and very
sensitive to experimental procedures. One way to circumvent
this problem and preserve the native molecular composition of
chromatin for subsequent biochemical analysis is to cross-link
it. Formaldehyde is the most common cross-linking agent be-
cause its small size and high reactivity allow it to act almost
instantly inside live cells (6, 25). Chromatin cross-linked in
such a way has been widely used as a substrate for mapping the
distribution of chromosomal proteins in chromatin immuno-
precipitation (ChIP) experiments (13, 17). Despite the wide
use of this technique, the physical and chemical properties of
cross-linked chromatin are not well known.

The early studies of chromatin cross-linking used ultracen-
trifugation in equilibrium density gradients to study its physical
properties. These studies showed that bulk cross-linked chro-
matin fragments have a buoyant density of 1.42 to 1.39 g/cm3,
which is distinct from the density of free DNA (�1.69 g/cm3)
or cross-linked protein (�1.25 g/cm3) (3, 29). Estimations of
protein-to-DNA ratios in bulk cross-linked chromatin frag-
ments prepared from cells grown on media supplemented with
radioactively labeled amino acids and nucleotides suggested
that this ratio is a major determinant of its density (10, 29).
This conclusion was supported by experiments that determined

the density of bulk cross-linked chromatin after treatment with
DNase or proteinase (3).

In these early experiments, the coding region of the heat
shock protein 70 gene was found to have the same density as
bulk chromatin (25), leading to the general conclusion that the
densities of different chromatin regions are very similar. Based
on this conclusion Solomon et al. proposed the use of density
centrifugation as a preparative method to purify cross-linked
chromatin fragments from free DNA and free protein for
subsequent use in ChIP (25). Later, however, some specific
chromatin regions were found to have a density lower than that
of a bulk chromatin. Thus Ip and coauthors (11) noticed that
the chromatin of the phosphoenolpyruvate carboxykinase gene
acquires a lower density upon induction with dexamethasone.
More interestingly, Reneker and Brotherton (20) reported that
chromatin regions containing the coding part of the chicken
�-globin gene and its 3� tissue-specific enhancer show a dis-
tinctly lower density than bulk chromatin when isolated from
cells in which these elements are functionally active.

In the present study we took a closer look at the behavior of
different chromatin regions in CsCl density equilibrium gradi-
ents. After sonication to produce presumably random chroma-
tin fragments, we found to our surprise that the buoyant den-
sity of chromatin varies dramatically among different
chromatin regions. Some regions known to be associated with
high-molecular-weight protein complexes appear to have a
density as low as that of free protein and could be effectively
separated from bulk chromatin. In a CsCl gradient, Drosophila
Polycomb response elements (PREs), transcriptionally en-
gaged promoters, and scs and scs� boundary/insulator elements
are all found at buoyant densities similar to that of free pro-
tein. We have also found that the low density of these chro-
matin regions correlates with their increased sensitivity to son-
ication. The latter observation fits with the idea that the low
buoyant density is caused by unusually high protein/DNA ra-
tios. We speculate that density centrifugation of cross-linked
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chromatin may provide a simple means for mapping binding
sites of high-molecular-weight protein complexes in vivo. Our
results also point out that the use of density gradient purifica-
tion of cross-linked chromatin may bias the results of ChIP.

MATERIALS AND METHODS

Cross-linking, sonication, and density centrifugation. Schneider L2 cells were
grown to a density of �5 � 106 cells/ml in Schneider’s Drosophila medium
(Gibco). To cross-link cells, 36% (wt/vol) formaldehyde (Fluka) was added
directly to the medium to a final concentration of 1% and the culture was
typically incubated for 10 more minutes at room temperature. The reaction was
stopped by addition of glycine solution (pH 7.0) to a final concentration of 125
mM. Cells were washed once with 1� phosphate-buffered saline and once each
with washing buffers A (10 mM HEPES [pH 7.6], 10 mM EDTA, 0.5 mM EGTA,
0.25% [vol/vol] Triton X-100) and B (10 mM HEPES [pH 7.6], 200 mM NaCl, 1
mM EDTA, 0.5 mM EGTA, 0.01% [vol/vol] Triton X-100). The cells were
resuspended in sonication buffer (10 mM HEPES [pH 7.6], 1 mM EDTA, 0.5
mM EGTA) to a concentration of �5 � 107 cells/ml.

To disrupt the fixed cells, 5 ml of final cell suspension in a 14-ml Falcon tube
was subjected to sonication with a Branson 250 sonifier equipped with a microtip.
Four 30-s bursts of sonication at maximum constant power (“microtip limit”
setting) were applied with 1-min pauses to avoid overheating. Power was grad-
ually increased to avoid foaming. The samples were kept in ice-ethanol during
the whole procedure. The supernatant was transferred to a new 14-ml tube, and
N-lauroylsarcosine (Fluka) was added to a final concentration of 0.5% (vol/vol).
The lysate was incubated for 10 min at �4°C and then cleared by a 5-min
centrifugation at � 4°C in a microcentrifuge.

The clear lysate was mixed with 5.68 g of CsCl (molecular biology grade;
Fluka), and the sample volume was adjusted to 10 ml with sonication buffer
supplemented with 0.5% (vol/vol) N-lauroylsarcosine, to a final sample density of
1.42 g/cm3. The sample was divided between two 5-ml Beckman Ultra-Clear
centrifuge tubes and spun for 60 to 72 h at �20°C (195,000 � g [44,000 rpm in
a Sorvall S52-ST rotor]). Four-hundred-microliter fractions (NN 2 to 12) were
collected with a peristaltic pump after the centrifuge tube was punctured with an
18-gauge needle just above the junction between the round bottom and the
straight parts of the tube. The very bottom fraction (N1) was then collected with
a 21-gauge, 80-mm needle and a 1-ml insulin syringe. In some cases (for example,
see Fig. 2) the top fraction (N12) acquired a small amount of contamination from
the high-density solution at the very bottom of the gradient during the collection,
thus shifting the overall density of the top fraction towards somewhat higher
values. The refraction index (Ri) of the gradient fractions was measured, and the
respective fraction densities (�) were calculated using the following formula (24):
� � (10.8601 � Ri) �13.4974.

The fractions were dialyzed against buffer containing 4% (vol/vol) glycerol, 10
mM Tris-HCl (pH 8.0), 1 mM EDTA, and 0.5 mM EGTA, and the cross-links
were reversed by incubation at 65°C as described previously (4). To isolate the
DNA, samples were extracted with equal volumes of phenol-chloroform and
then chloroform and the DNA was precipitated with 3 volumes of absolute
ethanol at �70°C in the presence of 1/10 volume 3 M sodium acetate (pH 5.0)
and 40 	g of glycogen. The resulting DNA pellet was washed with 70% ethanol
and dissolved in 250 	l of deionized water. For use in real-time PCR, an aliquot
of each DNA sample was further diluted 50 times.

To analyze the protein content of fractions after reversal of cross-links, 10 to
15 	l of each sample was mixed with 3 	l of sodium dodecyl sulfate (SDS)
loading buffer and applied to a 4 to 18% gradient SDS-polyacrylamide gel.

ChIP. For immunoprecipitations, the dialyzed material from the bulk chro-
matin fractions (densities, 1.42 to 1.37g/cm3) and the three top fractions (den-
sities, 1.33 to1.30g/cm3) of the equilibrium density gradient was adjusted with
radioimmunoprecipitation assay buffer (10 mM Tris-HCl [pH 8.0], 140 mM
NaCl, 1 mM EDTA, 1% [vol/vol] Triton X-100, 0.1% [wt/vol] SDS, 0.1% [wt/vol]
sodium deoxycholate, 1 mM phenylmethylsulfonyl fluoride) and precleared by
incubation with Sepharose beads conjugated to protein A (Sigma). The control
reaction with a comparable aliquot of the chromatin (corresponding to approx-
imately 5 � 107 cells) sampled prior to the density gradient separation was run
in parallel. Clear lysates were further incubated overnight at 4°C with 6 	g of
antibodies against Polycomb (PC) (19). The antibody complexes were precipi-
tated with protein A-Sepharose beads (Sigma). The beads were washed five times
with 1 ml of radioimmunoprecipitation assay buffer, once with 1 ml of LiCl buffer
(250 mM LiCl, 10 mM Tris-HCl [pH 8.0], 1 mM EDTA, 0.5% NP-40, 0.5%
sodium deoxycholate), and twice with 1 ml of TE (10 mM Tris-HCl [pH 8.0], 1
mM EDTA). The DNA was recovered as described previously (4). Immunopre-

cipitated DNA was dissolved in 150 	l of water. Control mock immunoprecipi-
tations were done essentially in the same way except that no antibodies were
added to the reaction mixture. The yields of the reactions were quantified by
real-time PCR.

Real-time PCR and data analysis. DNA from 5 	l of solution was amplified by
real-time PCR in 20 	l of reaction mixture containing 10 	l of 2� SYBR Green
PCR Master Mix (Bio-Rad) and a 0.5 	M concentration of the corresponding
primer. For sequences of oligonucleotide primers and their respective annealing
temperatures, see Table S1 in the supplemental material. PCR was performed in
96-well plates with the iCycler real-time PCR detection system controlled by
iCycler iQ software v3.0A (Bio-Rad). The molar amount of the specific DNA
fragment present in the reaction mixture was derived from the comparison of the
threshold cycle value obtained in PCR to the appropriate six-point standard
curve. Standard curves were made by amplification of serial dilutions of genomic
DNA isolated from SL2 cells.

To estimate the distribution of total DNA or protein in a gradient, 2.5% of
each fraction was analyzed by electrophoresis on agarose or SDS-polyacrylamide
gels, respectively. The gel images were quantified with a FluorChem 8800 imag-
ing system (Alpha Innotech).

General methods. All general DNA methods (22) and general protein proce-
dures (1) were described previously. The probes for Southern blot hybridization
were generated by PCR using the same specific oligonucleotide primers as for
quantitative amplification of the corresponding regions from the DNA of the
density gradient fractions.

RESULTS AND DISCUSSION

PREs migrate with low-density fractions in CsCl density
gradients. In attempts to prepare cross-linked chromatin of
SL2 cells for immunoprecipitation, we were surprised to obtain
very low yields of DNA sequences containing the bxd PRE
after CsCl density gradient purification. To understand how
the loss of PRE sequences occurred, we scanned the gradient
fractions by using real-time PCR and pairs of oligonucleotide
primers specific for DNA fragments from this region (Fig. 1A).
Surprisingly, although a small amount of BglI-PstI (BP) and
FM5 fragments, which correspond to the core of the bxd PRE
(9), are present in the position of bulk chromatin, the majority
of the core PRE DNA is found at the top of the gradient, at a
density corresponding to that of free protein (Fig. 1C and 2E
and F). A less prominent effect is also seen for the FM4
fragment positioned just next to the PRE core (Fig. 2D). In
contrast to the PRE, the coding region of the white gene, which
is transcriptionally inert in SL2 cells (5), as well as the PRE
flanking sequences, coincides with the bulk chromatin fractions
of the same gradient (Fig. 1 and 2). An analysis of the protein
content of the gradient fractions shows that little protein is
found at densities corresponding to free DNA (1.59 g/cm3 and
higher), as expected (Fig. 1B and C). A peak of histones cor-
responds to the fractions containing bulk chromatin (Fig. 1B
and C). Most of the protein in the gradient is found near the
top, at a density of 1.30 g/cm3.

The bxd PRE chromatin reproducibly displays low buoyant
density under a very broad range of cross-linking conditions.
No significant differences in the distribution of the bxd PRE
DNA could be seen between the gradients prepared from
chromatin cross-linked for as little as 2 min at �25°C with 1%
formaldehyde solution and chromatin cross-linked with 5%
formaldehyde solution for 10 min at the same temperature.
Only in the gradients prepared from visibly under-cross-linked
material (2 min, 0.3% formaldehyde, �25°C) is the peak of the
BP fragment at the low density no longer visible (Fig. 2J). We
have noticed, however, that under those conditions the migra-
tion of the bxd PRE chromatin is still different from that of the
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bulk chromatin. While the peak of the bulk chromatin is
shifted to higher buoyant density, indicative of poor cross-
linking (compare Fig. 2E and J), the PRE DNA appears to be
smeared along the entire gradient, with a maximum corre-
sponding to the position of the free DNA. We believe that the
reason for this is that the core PRE region is largely devoid of
nucleosomes (T. Kahn, Y. Schwartz, G. Dellino, and V. Pir-
rotta, unpublished results).

Surprised by the unusual behavior of bxd PRE fragments, we
then asked if DNA of other PREs can also be found prefer-
entially at the top of the gradient. As shown in Fig. 3C, chro-
matin of the iab7 PRE behaves essentially in the same way as
chromatin of the bxd PRE.

Chromatin fragments associated with large protein com-
plexes have inherently low density. We reasoned that, since the
molecular size of the Polycomb complexes associated with the
PRE is reputed to be very large (16, 23, 27), the density con-
tribution of the protein might greatly outweigh that of the
DNA, resulting in a much lower overall density of the bxd PRE
chromatin than that of bulk chromatin, in which the nucleo-

somal histones constitute the primary protein component. We
therefore determined the positions in the density gradient of
several regions that are believed to be stably associated with
protein complexes of high molecular weight. The promoters of
the hsp26 and �1-tubulin genes are known to contain a tran-
scriptionally active, but paused, high-molecular-weight RNA
polymerase II complex as well as other promoter factors (21).
The promoter region of the actin 5C gene is also found in
association with the RNA polymerase II transcription com-
plex; however, the rate of RNA polymerase binding to and
initiation of transcription from this promoter closely approxi-
mates the rate at which polymerase escapes the promoter and
enters into productive transcription (21). Despite differences in
their regulation, these three promoter regions are found in the
low-density fractions at the top of the gradient (Fig. 3D, E, and
F). In contrast, the promoters of the white and Ubx genes,
which are inactive in SL2 cells (2, 5), are found in the same
fractions as bulk chromatin (Fig. 3G and H). We also looked at
other types of chromatin regions that are thought to be asso-
ciated with chromatin complexes of potentially high molecular
weight. The insulator elements scs and scs� bind complexes
containing, respectively, Zw5 and BEAF32 proteins (8, 30).
These complexes are thought to anchor the insulator elements
to other elements and produce topological constraints. Con-
sistent with this idea, scs and scs� sequences are found in the
low-density fractions at the top of the gradient made from
cross-linked chromatin of SL2 cells (Fig. 3G and G).

The scs and scs� insulators are both also in close proximity to
transcriptional promoters. Whether the density shift is caused
by the promoter complexes or by the insulator complexes,
these results support the interpretation that the binding of
high-molecular-weight protein complexes is a necessary pre-
requisite for the chromatin region to acquire a low buoyant
density. Is it the only requirement?

Chromatin regions with low buoyant density are hypersen-
sitive to sonication. Sonication has been most frequently used
to generate soluble chromatin fragments because of the widely
held belief that it most nearly approximates a random frag-
mentation. The cross-linked chromatin used in our analysis
had been solubilized by sonication, producing fragments whose
DNA ranged in length from 20 to 0.2 kb, with the majority of
the fragments having a length of 2 to 3 kb. If we assume that
the partial volume of a DNA-protein complex is equal to the
sum of the partial volumes of DNA (VD) and protein (VP), we
can write:

�C �

mD � mP�


VD � VP�
(1)

where �C is the buoyant density of a particular chromatin
fragment, mD is the mass of the DNA, and mP is the mass of
the protein bound to that fragment. If we ignore the differ-
ences in hydration of proteins and DNA due to variation in the
activity of water at different CsCl concentrations and estimate
VD and VP from the buoyant densities of free DNA (�D) and
free protein (�P) from equation 1, we obtain:

X �
�D � �P � �C � �P

�C � �D � �D � �P
(2)

where X � mP/mD, the weight ratio of protein to DNA in the

FIG. 1. Separation of cross-linked chromatin in a CsCl density gra-
dient. (A) Map of the bxd PRE and adjoining region of the Ubx gene.
Sites for the following endonucleases are indicated: BamHI (B’) AvaII
(A), StyI (S), HinfI (F), EcoRI (R), BglII (B), PstI (P), KpnI (K), and
HindIII (H). The coordinates of BamHI and HindIII sites according to
the sequence given in reference 14 are shown below. Note the cluster
of DNase I-hypersensitive sites (arrows) in the PRE core region. The
positions of the DNA fragments, whose migration in the equilibrium
density gradients was analyzed by real-time PCR, are indicated below
the map. Typical pictures of bulk DNA (B) and protein (C) distribu-
tions along the density gradient as assayed by gel electrophoresis. The
positions of H1 and core histones are marked by black circles. The
fraction densities in grams per cubic centimeter are indicated above
the gels.
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chromatin complex (for the complete derivation, see also the
supplemental material). Though equation 2 is not entirely cor-
rect, it is accurate enough for the present purpose (for a con-
firmation, see reference 3). Using buoyant densities of 1.69
g/cm3 for the DNA and 1.25 g/cm3 for the protein in equation
2, we can calculate that a complex with a buoyant density of
1.30 g/cm3 would have a ratio X of �6. Therefore, in order to
acquire a density of 1.30 g/cm3, a 2-kb DNA fragment should
be associated with a protein complex of about 8 MDa. Even
allowing for the weight of a histone component that may be
associated with the 2-kb DNA fragment, the molecular weight
of the protein complex that has to be associated, for example,

with the PRE region would greatly exceed the weight of any
known Polycomb complex (16, 23, 27). These speculations for-
mally suggest two possibilities. Either the molecular masses of
the complexes bound to the PRE, promoter, and insulator
regions are much larger than usually envisioned or the average
length of the DNA fragments associated with low-buoyant-
density chromatin is much shorter than 2 kb. It follows from
equation 2 that in order to outweigh the DNA a Polycomb
repressive complex 1 with a reported molecular mass of around
2 MDa (23) should be associated with DNA fragments shorter
than 500 bp.

To discriminate between these two possibilities, we deter-

FIG. 2. Cross-linked chromatin of the bxd PRE core has a low buoyant density. Distribution of DNA fragments from the bxd PRE region (A
to H) along the same CsCl density gradient was compared to that of a DNA fragment from the coding region of the white gene (I). Here and in
Fig. 3 the amount of DNA fragment in each gradient fraction (diamonds and solid line) was determined by real-time PCR using specific
oligonucleotide primers and expressed as a fraction of the amount of this DNA fragment present in the entire gradient. The dotted line indicates
distribution of bulk DNA estimated by gel electrophoresis and expressed in the same way. (J) Distribution of the BP fragment in a different CsCl
density gradient made using very lightly cross-linked chromatin (0.3% formaldehyde).
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mined the size distribution of fragments containing the bxd
PRE, the hsp26 promoter, or the white gene coding regions in
the SL2 chromatin preparation that was afterwards analyzed
by ultracentrifugation in the CsCl density gradient. As shown
in Fig. 4, the DNA fragments containing the white gene coding
sequences vary in size from 20 to 0.2 kb, with an average size
around 2 kb; i.e., they have a size range similar to that of bulk
chromatin (Fig. 1B). In contrast DNA fragments containing
the bxd PRE or the hsp26 promoter regions are much smaller,
about 200 to 500 bp. We conclude that chromatin regions with
low buoyant density are hypersensitive to sonication.

It is clear that sonication hypersensitivity by itself could not
account for the low density. The smallest fragments in our
chromatin preparations are approximately 200 bp in length.
That is about the size of the DNA fragment incorporated in a

single nucleosome (12). The ratio of protein to DNA mass in
the nucleosome is very close to 1, which is approximately the
ratio calculated for the bulk chromatin fraction from equation
2. Therefore, in order to reach a density of 1.30 g/cm3, even the
most sonication-sensitive chromatin regions must be associ-
ated with protein complexes at least five times heavier then a
nucleosome, i.e., with a complex of more than 550 kDa.

It is interesting that Reneker and Brotherton (20) reported
that discrete regions of the chicken �-globin gene cluster have
tissue-specific hypersensitivity to sonication and, more intrigu-
ingly, that chromatin fragments from those regions appeared
to have a low buoyant density. Although it is difficult to com-
pare directly our density centrifugation experiments with those
of Reneker and Brotherton (20) since they used CsCl-guani-
dine hydrochloride gradients instead of CsCl gradients supple-

FIG. 3. Migration of various chromatin regions in a CsCl density gradient. Fractions of a single density gradient, different from the one used
in the experiment for which results are shown in Fig. 2, were scanned by real-time PCR using oligonucleotide primers specific for different
chromatin regions (diamonds and solid line). To facilitate the comparison between the two sets of experiments, the distributions of BP fragment
(A) and white coding region (B) are included. The dotted line indicates the distribution of bulk DNA estimated by gel electrophoresis.
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mented with N-lauroylsarcosine, the two sets of observations
look strikingly similar.

Many, but not all, of the tissue-specific sonication-hypersen-
sitive sites of the chicken �-globin locus coincided with DNase
I-hypersensitive sites (20). Similarly, the bxd PRE, iab7 PRE,
hsp26 promoter, scs, and scs� chromatin regions that displayed
lower density in our experiments have been shown previously

to contain multiple DNase I-hypersensitive sites (7, 15, 26, 28).
It is possible that DNase-hypersensitive sites might often be
sites sensitive to mechanical breakage of the DNA. More
likely, we suspect that, in the general case, the discontinuities
in mass distribution are principally responsible for sonication
sensitivity near the binding sites of high-molecular-weight pro-
tein complexes.

In the experiment for which results are presented in Fig. 4
the different sensitivities to sonication between cross-linked
chromatin of the white gene coding region and the chromatin
of the bxd PRE or hsp26 promoter region are highlighted by
the relatively large average size of the DNA fragments (about
2 kb) in the bulk chromatin preparation. We would like to
emphasize that the distinct buoyant densities of these regions
are not restricted to preparations of mildly fragmented cross-
linked chromatin. As shown in Fig. 5, the DNA of the bxd PRE
core could still be found in the low-density fractions of the
CsCl gradient, although the chromatin in this preparation was
more intensely sonicated, yielding an average DNA fragment
size below 1 kb (compare Fig. 5A and 1B). We should also note
that in our hands any well-cross-linked chromatin, i.e., chro-
matin retaining a full complement of nucleosomal histones
covalently attached to the DNA and thus banding at a density
of about 1.40g/cm3 in the CsCl gradient, appeared to be resis-
tant to shearing to DNA fragments much smaller then 1 kb.
Higher sonication sensitivity of bulk chromatin was always
associated with poor cross-linking, indicated by the shift of the
chromatin band to higher densities. Currently we do not know
if more intensive fragmentation of well-cross-linked chromatin
by more powerful sonifiers is possible without affecting the
integrity of large protein complexes.

Density centrifugation biases ChIP results. It has been gen-
erally assumed that the buoyant densities of different regions
of cross-linked chromatin are fairly constant and that equilib-
rium density centrifugation would be a useful purification step

FIG. 4. DNA fragment sizes of different regions in sonicated chro-
matin. The total DNA isolated from cross-linked sonicated SL2 chro-
matin was separated by electrophoresis, transferred to a nylon mem-
brane, and hybridized with radioactively labeled probes from the
coding region of the white gene, the bxd PRE, and the hsp26 promoter
region. The positions of marker DNA fragments (sizes in kilobases)
are indicated.

FIG. 5. Cross-linked chromatin of the bxd PRE core retains its low buoyant density after intensive sonication. The chromatin cross-linked as
described in the Materials and Methods was subjected to prolonged shearing (16 30-s bursts of sonication as compared to the usual 4). (A) As
demonstrated by electrophoresis in a 1% agarose gel, the sizes of the DNA fragments isolated from chromatin treated in such a way (lane 2) range
from 4 kbp to 100 bp, with an average size below 1 kb. Lanes 1 and 3 contain DNA size markers. (B) Real-time PCR with DNA from the fractions
of the density gradient prepared from this chromatin shows that the bxd PRE (diamonds and solid line) still has a low density compared to that
of the bulk chromatin or the coding region of the white gene (empty squares and dotted line).
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before immunoprecipitation (25). Though many of the ChIP
protocols have now deleted this time-consuming step, it is still
found in all published versions of the procedure designed for
Drosophila cultured cells and embryos (4, 17, 18). More im-
portantly, many of the published ChIP data on the in vivo
distribution of Drosophila chromatin proteins were obtained
using a CsCl density gradient purification step. Since our re-
sults demonstrate that some regions appear to be almost quan-
titatively excluded from the fractions of bulk cross-linked chro-
matin, we decided to test directly if equilibrium density
centrifugation changes the outcome of ChIP.

Equal volumes of dialyzed material from the bulk chromatin
fractions (densities, 1.42 to1.37g/cm3) and from the top three
fractions (densities, 1.33 to 1.30g/cm3) of the same gradient
were subjected to ChIP with antibodies against PC protein. A
control reaction with an equivalent amount of the same chro-
matin, which was sampled prior to density gradient centrifu-
gation, was run in parallel. The amount of BP fragment im-
munoprecipitated in the presence or absence of anti-PC
antibodies was quantified by real-time PCR and compared to
that of the white coding region and the Ubx promoter. Consis-
tent with expectations, the absolute amount of BP DNA pre-
cipitated with anti-PC antibodies from the low-density frac-
tions is about 10 times higher than that from the bulk
chromatin fractions (Fig. 6A). This observation indicates that a
substantial fraction of the bxd PRE DNA from the top of the
CsCl gradient is indeed associated with the PC complex.

If we compare the absolute amounts of immunoprecipitation
obtained with the bulk chromatin fractions, we would conclude
that more PC is associated with the Ubx promoter and white
coding region than with the PRE. It is clear from Fig. 2 and 5,
however, that the reason for this is that the bulk fractions are
specifically depleted of PRE sequences. When we calculate the
amount of precipitation as a function of the amount of input
sequence present in the different fractions (Fig. 6B), the PRE
sequences appear always to be the primary binding site for PC.
The Ubx promoter precipitation, though significantly higher
than background, is severalfold lower.

The presence of PRE sequences in the bulk fractions re-
mains to be accounted for. Three factors may be involved in
the explanation. One is the possible heterogeneity in the com-
plexes present at the PRE: if the assembly of the Polycomb
group (PcG) complex is a dynamic process, at any one time a
fraction of the cells might contain an incompletely assembled
complex. Another factor is the degree of sonication. Even with
a homogeneous complex population, some chromatin frag-
ments might survive the sonication treatment with a substan-
tially larger DNA fragment. Third is the degree of cross-link-
ing. Again, in a population of chromatin fragments, some
fractions might remain incompletely cross-linked such that
some of the components of the PcG complex might be lost
from the fragment during the CsCl gradient fractionation.
ChIP is clearly a complex procedure with many variables that
need to be taken into consideration for a meaningful evalua-
tion of the results. At any rate it is clear that purification of
cross-linked chromatin by density centrifugation can introduce
a strong bias in the ChIP results. Thus, much published data
may need to be reexamined.

In conclusion, we would like to note that the separation of
different chromatin regions according to their buoyant densi-

ties seems to provide a simple approach to test if a region is
associated with a large protein complex in vivo. In principle
such an approach requires no prior information about protein
complex composition and is very sensitive since little starting
material is needed. In its current version the approach is lim-
ited to regions hypersensitive to sonication. At present we do
not know whether binding of large protein complexes neces-
sarily leads to sonication sensitivity. We predict, however, that
if bulk chromatin can be fragmented to less than 500 bp in
DNA length without affecting the integrity of large protein
complexes, the in vivo binding sites of such complexes could be
identified and the occupied sites could be separated from non-
occupied sites by density centrifugation. This could be used to
detect fractions of a population of sites in transient states of a
dynamic equilibrium.
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FIG. 6. Immunoprecipitation of chromatin from different parts of
the CsCl equilibrium density gradient. Two density gradients made
from the same chromatin were run in parallel. Both were analyzed for
the distribution of bxd PRE, white coding, and Ubx promoter regions as
well as bulk DNA. The results of the analysis for one of the gradients
are shown in Fig. 2. ChIP was carried out using equal volumes from the
gradient fractions containing the bulk DNA peak (bulk chromatin) and
the low-density material (top fraction) as well as equivalent amounts of
input chromatin before ultracentrifugation (total chromatin). The ab-
solute amounts of specific DNA fragments precipitated with anti-PC
and without antibody were quantified by real-time PCR. (A) The
results from the experiments with the two density gradients were av-
eraged and plotted with standard deviations shown. (B) The same data
are represented after normalization to the initial amounts of each
DNA fragment in the corresponding ChIP reaction.
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